Abstract Heat shock protein 70 (Hsp70) is a well-known inhibitor of apoptotic pathways; however, a role for Hsp70 in the modulation of death receptor-mediated apoptosis remains largely unexplored. In this study, the ability of Hsp70 to modulate tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-induced apoptosis was examined in SW480 and CCRF-CEM cells. These lines exhibit the characteristics of type I cells (SW480, human colon adenocarcinoma), with no requirement for mitochondrial involvement to exhibit apoptosis following death receptor engagement and type II cells (CCRF-CEM, human leukemic T cell), which do require amplification of the signal through the mitochondria. Unexpectedly, expression of Hsp70 in the type II CCRF-CEM cells enhanced the extent of TRAIL-induced apoptosis, but in SW480, Hsp70 had no impact on TRAIL-induced apoptosis. The enhanced TRAIL-induced apoptosis was accompanied by an up-regulation of TRAIL receptors, R1 and R2, at the cell surface as determined by flow cytometry and at the transcriptional level as assessed by real-time polymerase chain reaction (PCR). Increased expression of Hsp70 led to up-regulated expression of p53, and chromatin immunoprecipitation combined with real-time PCR revealed increased binding of p53 to its consensus sequence in the TRAIL-R2 gene. In contrast, expression of Hsp70 in SW480 cells did not increase p53 or TRAIL-R1 or TRAIL-R2 surface expression. This result is in marked contrast to most apoptotic stresses, including TNF␣ and Fas ligand, where Hsp70 has been shown to inhibit apoptosis in type II cells. These findings suggest that in tumors retaining functional p53 and expressing high levels of Hsp70, TRAIL may be an effective therapy.
INTRODUCTION
Apoptosis is a tightly regulated and genetically controlled event crucial to normal development and tissue homeostasis (Krammer 1999; Vaux and Korsmeyer 1999) . Aberrations in the control of apoptosis can lead to a number of physiological disorders including cancer, in which apoptosis is often disrupted, thus conferring a survival advantage to the tumorigenic cells (Hanahan and Weinberg 2000; Green and Evan 2002) . Apoptosis can be divided into 2 distinct but interconnecting pathways: the extrinsic pathway activated upon ligation of death receptors of the tumor necrosis factor (TNF) receptor superfamily and the intrinsic pathway, which is initiated by cellular stresses that activate proapoptotic members of the Bcl-2 family to target the mitochondria. Central to both pathways are the caspases, which cleave a specific set of target substrates leading to the classic hallmarks of apoptosis (Thornberry and Lazebnik 1998) . Activation of the apical caspases, caspase-8 and caspase-10 in the extrinsic pathway, is mediated by the adaptor protein Fas-associated death domain (FADD) through formation of the death-inducing signaling complex (DISC) at the cytoplasmic death domains of ligated death receptor oligomers (Kischkel et al 1995; Medema et al 1997; Kischkel et al 2001) . In a similar fashion, the initiator caspase in the intrinsic pathway, caspase-9, is activated at the apoptosome complex, which forms upon stress-induced release of cytochrome c from the mitochondria (Li et al 1997; Zou et al 1997) . In both pathways, activation of apical caspases initiates a cascade of caspase activation leading to apoptosis. Cross talk between the extrinsic and intrinsic pathways exists through caspase-8-mediated cleavage of the proapoptotic Bcl-2 protein, Bid (Li et al 1998; Luo et al 1998) . Truncated Bid activates the proapoptotic molecules Bax and Bak, which target the mitochondria and initiate the intrinsic pathway (Eskes et al 2000; Wei et al 2000 Wei et al , 2001 . In some cells, called type II cells, recruitment of the intrinsic pathway is required for efficient apoptosis and can be inhibited by Bcl-2 (Scaffidi et al 1998) , although this concept is controversial Schmitz et al 1999) . In type I cells, caspase-8-mediated activation of downstream effector caspases is sufficient to trigger apoptosis without mitochondrial involvement.
TNF-related apoptosis-inducing ligand (TRAIL) induces apoptosis through ligation of 1 of the 2 cognate receptors that contain intracellular death domains, TRAIL-R1 or TRAIL-R2 (Almasan and Ashkenazi 2003) . Interest in TRAIL as a cancer therapy developed after demonstration that TRAIL can selectively induce apoptosis in tumor cells both in vivo and in vitro, whereas normal cells remain refractory (Wiley et al 1995; Pitti et al 1996; Ashkenazi et al 1999; Walczak et al 1999; Kelley et al 2001) . In addition, TRAIL in combination with certain deoxyribonucleic acid (DNA)-damaging drugs or radiotherapy shows synergistic antitumor effects (Ashkenazi et al 1999; Bonavida et al 1999; Gliniak and Le 1999; Chinnaiyan et al 2000; Nagane et al 2000) . In some cases, this may be due to p53-mediated up-regulation of TRAIL-R1 or TRAIL-R2 (Sheikh et al 1998; Wu et al 2000; Guan et al 2001; Arizono et al 2003) . However, many cancer cell lines remain resistant to TRAIL-induced apoptosis, possibly due to the expression of 2 decoy receptors for TRAIL, TRAIL-R3 and TRAIL-R4 (Ashkenazi 2002) .
The heat shock proteins (Hsps) are a family of highly conserved and abundantly expressed proteins. While acting as molecular chaperones in unstressed cells, Hsps promote cell survival during periods of both acute and chronic stress (Lindquist 1986 ). The ability of cells to develop thermotolerance, a state of transient resistance to severe stress, after a mild heat shock is thought to be largely the responsibility of Hsp70 (Subjeck et al 1982) . In addition, expression of Hsp70 alone has been shown to inhibit apoptosis induced by a variety of stresses including TNF␣, heat, ultraviolet radiation, ceramide, and a number of cytotoxic drugs (Jaattela et al 1992; Samali and Cotter 1996; Gabai et al 1997; Mosser et al 1997; Buzzard et al 1998; Steel et al 2004; Guo et al 2005) . The significance of these findings is highlighted by studies that correlate high expression of Hsp70 in tumors with resistance to standard cancer therapies, increased metastasis to lymph nodes, and a poor prognosis for diseasefree status and overall survival (Ciocca et al 1993; Jaattela 1999; Creagh et al 2000; Jolly and Morimoto 2000) . The oncogenic activity of Hsp70 stems from its ability to protect against protein damage, stabilize mutant protein conformations, and inhibit apoptotic pathways (Mosser and Morimoto 2004) .
We and others have demonstrated that Hsp70 can inhibit TNF␣-induced apoptosis (Jaattela et al 1992; Buzzard et al 1998) . In addition, we recently reported that Hsp70 inhibits Fas-mediated apoptosis upstream of the mitochondria in type II cells (Clemons et al 2005) . In this study, we investigated the ability of Hsp70 to modulate TRAIL-induced apoptosis in a type I cell line, SW480, and a type II cell line, CCRF-CEM. We found that neither Hsp70 nor Bcl-2 could inhibit TRAIL-induced apoptosis in SW480 cells, confirming that Hsp70 cannot modulate the extrinsic apoptosis pathway. Surprisingly, although CCRF-CEM cells were refractory to TRAIL, expression of Hsp70 sensitized them to TRAIL by a mechanism involving p53-mediated up-regulation of TRAIL-R1 and TRAIL-R2. These results add to the pleiotropic effects that Hsp70 has on apoptotic pathways and suggests that tumors expressing high levels of Hsp70 and that retain functional p53 may be good targets for therapy with TRAIL.
MATERIALS AND METHODS

Reagents and antibodies
Recombinant human TRAIL was from Genentech (South San Francisco, CA, USA) and is described elsewhere (Ashkenazi et al 1999; Lawrence et al 2001) . The pancaspase inhibitor z-VAD-fmk was from Biomol (Plymouth Meeting, PA, USA). Annexin-V-FLUOS was from Roche Diagnostics (Mannheim, Germany). The following antibodies were used: human caspase-8 antibody (clone C15) (kind gift from Prof. P. Krammer 
Cell lines and stable transfections
The human leukemic T cell line CCRF -CEM and the colon adenocarcinoma cell line SW480 were maintained in RPMI 1640 (Invitrogen Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. All cultures were maintained at 37ЊC in a humidified 5% CO 2 atmosphere and were routinely monitored for mycoplasma contamination.
CCRF-CEM cells were transfected by electroporation with the mammalian expression vector pCI-neo containing the coding region of the major human inducible hsp70 gene, HspA1A, derived from pH2.3 (a kind gift from Dr. C. Hunt, Washington University, St Louis, MO, USA). Stable cells expressing hsp70 were selected using 700 g/ mL G418 (Invitrogen Life Technologies). Transfected cells were single-cell cloned, and expression of Hsp70 in clones, parental cells, and vector control cells was analyzed by Western blotting.
SW480 cells were transfected with the retroviral plasmid MSCV-IRES-GFP containing human hsp70 (derived from pH2.3) or the mammalian expression vector pMPZenSVNeo containing a human Bcl-2 construct (a kind gift from Dr. A. Strasser, Walter and Eliza Hall Institute, Melbourne, Australia) using Lipofectamine 2000 (Invitrogen Life Technologies). A population of cells expressing hsp70 was isolated by fluorescence-activated cell sorter (FACS) sorting (BD Biosciences FACStar) for green fluorescent protein (GFP) expression. GFP expression of vector control cells was matched with that of hsp70 transfected cells. Cells stably expressing Bcl-2 were selected using 1 mg/mL G418 (Invitrogen Life Technologies). Expression of Hsp70 and Bcl-2 was confirmed by Western blotting.
Cell treatments
All experiments using SW480 cells were performed on approximately 50-70% confluent cell cultures, whereas all experiments using CCRF -CEM cells were performed on cultures at a density of 1 ϫ 10 6 cells/mL. Immediately prior to each experiment, the medium was replaced with fresh, pH-equilibrated medium. TRAIL was diluted in serum-free medium to appropriate concentrations immediately before use and added to cells for 18 hours unless indicated otherwise. Genentech TRAIL does not require cross-linking to induce apoptosis (Ashkenazi et al 1999; Lawrence et al 2001) . For some experiments, cells were pretreated for 1 hour with 50 M z-VAD-fmk dissolved in dimethyl sulfoxide (DMSO). An equivalent volume of DMSO (final concentration, 0.2%) was added to control samples. Cells were irradiated using a cesium source. Heat shock was achieved by full immersion of flasks of cells in a circulating water-bath calibrated to 44 Ϯ 0.1ЊC for 15 to 60 minutes.
Apoptosis and long-term survival assays
Apoptosis was assessed either by labeling with Annexin-V-FLUOS or by scoring nuclear morphology. Annexin-V-FLUOS labeling was performed according to the manufacturer's instructions (Roche Diagnostics), and cells were analyzed by flow cytometry on a BD Biosciences FACSCalibur. Ten thousand cells were counted for each sample.
Nuclear morphology was assessed by fluorescence microscopy following propidium iodide staining as described previously (Buzzard et al 1998) . A cell was scored as apoptotic if it displayed one or more of the following: nuclear margination, chromatin condensation, or formation of apoptotic bodies. At least 200 cells were counted in each experiment.
Long-term survival of CCRF-CEM cells was assessed by clonogenic assay. A series of dilutions containing 200 L of known numbers of cells (5000 to 0.5 cells/mL) were prepared, placed into 96-well U-bottom plates, and incubated at 37ЊC for 10-12 days. Wells were scored as positive or negative for colony growth as described previously (Furth et al 1981) .
Immunoblotting
Samples containing equal amounts of protein were separated by 13% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. Primary and secondary antibodies were added in 1% milk powder in phosphate-buffered saline (PBS) and incubated for 2 to 6 hours at room temperature or overnight at 4ЊC. Horseradish peroxidaseconjugated and alkaline phosphatase-conjugated secondary antibodies were detected by enhanced chemiluminescence (Lumilight; Roche Diagnostics), or colorimetric staining with naphthol phosphate (Sigma-Aldrich, St Louis, MO, USA) and fast red TK (Bio-Rad Laboratories, Hercules, CA, USA), respectively.
Immunofluorescence detection of TRAIL receptors
Cells were immunostained with 0.5 g of TRAIL-R1 (IgG2a), TRAIL-R2 (IgG1), TRAIL-R3 (IgG1), or TRAIL-R4 (IgG1) antibody or isotype control immunoglobulins per 1 ϫ 10 6 cells followed by 0.5 g of FITC-conjugated anti-mouse antibody. Cells were analyzed by flow cytometry on a FACSCalibur. Ten thousand cells were counted for each sample.
SYBR Green real-time quantitative polymerase chain reaction
Total ribonucleic acid (RNA) was harvested from cells in log-phase of growth using TRIzol (Invitrogen Life Tech-nologies) according to manufacturer's instructions. A standard 2 g of RNA was reverse transcribed with a poly(dT) anchored primer using Superscript II reverse transcriptase (Promega, Madison, WI, USA).
Real-time quantitative polymerase chain reaction (RTQPCR) was performed on an ABI Prism 7000 Sequence Detection System using SYBR Green I chemistry (Applied Biosystems, Foster City, CA, USA). PCR consisted of approximately 20 ng of complementary DNA, 2 M forward and reverse primers, and 2ϫ SYBR Green I master mix reagent in a total reaction volume of 20 L. The following primers were used: TRAIL-R1, forward, 5Ј-GATCGATGTGGTCAGAGCTGG-3Ј, and reverse, 5Ј-TGTGGATCGAGGCGTTCC-3Ј; TRAIL-R2, forward, 5Ј-GTGCCCTTGACTCCTGGG-3Ј, and reverse, 5Ј-AAGGT GTCCCTGTGGCCC-3Ј; TRAIL-R3, forward, 5Ј-CAGTT CCTCCCATCTTCAGGC-3Ј, and reverse, 5Ј-GGCTGAAT AAATCCCGTGACC-3Ј; TRAIL-R4, forward, 5Ј-CTCCT ACAAAGGGAAGCAGCC-3Ј, and reverse, 5Ј-CTAGGAC CATTGGTAAGCTGCC-3Ј; p53, forward, 5Ј-CTTACTGC AGCCTTTGCCTCC-3Ј, and reverse, 5Ј-TGCAAAAGTT GGCTGGCC-3Ј; vimentin, forward, 5Ј-AGAGAACTTTG CCGTTGAAGCT-3Ј, and reverse, 5Ј-GAAGGTGACGAG CCATTTCC-3Ј. There are 2 splice variants for TRAIL-R2, and the primers were designed to detect both transcripts.
The following cycling method was employed: 50ЊC for 2 minutes, 95ЊC for 10 minutes, and then 40 cycles of 95ЊC for 15 seconds, 60ЊC for 60 seconds. Amplification of a target gene was compared with that of the housekeeping gene vimentin. Results are presented as relative transcript abundance (RTA) according to the following formula: RTA ϭ 10 5 /2 (CtGENE Ϫ CtVIMENTIN) , where Ct is the cycle number at which the PCR signal reaches the designated threshold value.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed using an assay kit (Upstate, Charlottesville, VA, USA). For each sample, 1 ϫ 10 7 cells were fixed in fresh PBS/1% formaldehyde solution and sonicated on ice with a Branson Sonifier at 30% power output and 3 duty settings for 4 rounds of 15 seconds. This sonication program generated a DNA smear with an average size of approximately 300 bp and ranging from 650 to 100 bp. All samples were precleared with 40 L of protein A-agarose saturated with salmon sperm DNA by rotation at 4ЊC for 1 hour followed by immunoprecipitation with 5 g of p53 antibody by rotation at 4ЊC overnight. Immune complexes were collected with 60 L of protein A-agarose for 1 hour at 4ЊC with rotation, and immunoprecipitated DNA was analyzed by SYBR Green RTQPCR as described above using the following primers: p53 binding site, forward, 5Ј-CGCTCCACTTGGTGTAAATTCC-3Ј, and reverse, 5Ј-GAATTCCCTCCTTGTCGCC-3Ј; nonspecific control site, forward, 5Ј-GGTTCGATGGTCTTTTGGCC-3Ј, and reverse, 5Ј-TACTCCCACCTCAGCCTCCC-3Ј. Results are presented as the percentage of specific amplification from immunoprecipitated samples (CtIMM) compared to total input DNA (CtINPUT) according to the following equation: ( 
RESULTS
Effect of Hsp70 on TRAIL-induced apoptosis of SW480 and CCRF-CEM cells
The effect of Hsp70 on TRAIL-induced apoptosis, which uses a similar signaling pathway to that mediated through Fas, was examined. We demonstrated recently that Hsp70 inhibits Fas-mediated apoptosis of the type II cell line, CCRF-CEM, but not the type I cell line, SW480 (Clemons et al 2005) . CCRF-CEM and SW480 cells were transfected with constructs containing the coding region of human hsp70 (Clemons et al 2005) , and expression of Hsp70 in transfected cells was confirmed by Western blotting, as shown previously (Clemons et al 2005) . Hsp70 transfected CCRF-CEM clones 7 and 16 expressed high levels of Hsp70, whereas clone 18 had similar levels of Hsp70 to parental or vector-only transfected cells (Clemons et al 2005) . A bulk population of SW480 cells was generated that expressed high levels of Hsp70 compared to vector control or parental cells. The functionality of Hsp70 in transfected CCRF-CEM clones and SW480 cells was demonstrated previously by its ability to provide long-term survival after heat, as described elsewhere (Clemons et al 2005) .
Cells were incubated with recombinant human TRAIL for 18-20 hours (Fig 1A,B) . TRAIL induced apoptosis in SW480 cells in an Hsp70-independent manner. Small increases in apoptosis in Hsp70-expressing cells compared to vector-only transfected cells at 50 and 75 ng/mL TRAIL were not statistically significant (P Ͼ 0.05) ( Fig  1A) . TRAIL-induced apoptosis of parental SW480 cells was examined only at 100 ng/mL and is represented by a single point (Fig 1A) . Although parental CCRF-CEM cells underwent Fas-induced apoptosis (Clemons et al 2005) , they were refractory to the effects of TRAIL. Unexpectedly, expression of Hsp70 induced sensitivity to TRAIL (Fig 1B) . When apoptosis was measured by labeling with Annexin-V-FLUOS and flow cytometry, both Hsp70-expressing clones demonstrated sensitivity to TRAIL at doses of 50 ng/mL and above, whereas parental, vector control and clone 18 cells were resistant to TRAIL at doses of up to 500 ng/mL. Compared to clone 16, clone 7 cells were more sensitive to TRAIL, consistent with their slightly higher levels of Hsp70 (Clemons et al 2005) . Long-term survival after incubation with TRAIL, as assessed by clonogenic assay, demonstrated that Hsp70 is not simply accelerating TRAIL-induced apoptosis in CCRF-CEM cells (Fig 1C) . Significant differences in longterm survival were detected after incubation with doses of TRAIL of 25 ng/mL or higher. After incubation with 100 ng/mL TRAIL, clones 7 and 16 showed 100-and 10-fold reductions, respectively, in colony formation compared to vector control cells, which remained refractory to TRAIL in this long-term assay.
It has been reported previously that thermotolerance does not inhibit TRAIL-induced apoptosis of type I SW480 cells (Ozoren and El-Deiry 2002) . This was attributed to the inability of Hsp70 or Hsp90 to inhibit the extrinsic apoptosis pathway. We examined the effect of Bcl-2 expression on TRAIL-induced apoptosis of SW480 cells. Overexpression of Bcl-2 in SW480 compared to vector control cells was confirmed by Western blotting ( Fig  1D) but did not result in inhibition of TRAIL-induced apoptosis of SW480 cells (Fig 1E) , indicating that recruitment of the intrinsic pathway is not required in these cells. Thus, our results are in agreement with previous findings that thermotolerant type I cells with increased levels of Hsp70 are not protected from TRAIL-induced apoptosis (Ozoren et al 2002) . Because neither Bcl-2 nor Hsp70 can inhibit TRAIL-induced apoptosis in SW480 cells, it suggests that, like Bcl-2, Hsp70 cannot modulate the extrinsic pathway.
TRAIL activates the caspase cascade in Hsp70-expressing CCRF-CEM cells
To elucidate the mechanism by which Hsp70 sensitizes CCRF-CEM cells to TRAIL, caspase cleavage was evaluated by Western blotting (Fig 2A) . Cleavage of the initiator caspases, caspase-8 and caspase-9, as well as Bid and the downstream effector caspases, caspase-3 and caspase-7, was examined. No caspase cleavage was detected in vector control lysates in response to TRAIL, indicating that the mechanism of TRAIL resistance in these cells is at the level of, or upstream of DISC formation. In contrast, Hsp70-expressing cells exhibited extensive caspase cleavage after only 6-hour incubation with TRAIL. Cleavage of the initiator caspases, caspase-8 and caspase-9, and the effector caspases, caspase-3 and caspase-7, was detected. This indicated that Hsp70 was acting upstream of caspase-8 to sensitize these cells to TRAIL. Although the cleavage product of Bid could not be detected with this antibody, a decrease in the amount of full-length Bid was observed in Hsp70-expressing cells but not vector control cells (Fig 2A) .
Preincubation with the pancaspase inhibitor z-VADfmk completely inhibited TRAIL-induced apoptosis in clone 7 cells (Fig 2B) , confirming that TRAIL-induced apoptosis is caspase dependent in these cells.
TRAIL-R1 and TRAIL-R2 surface expression and messenger RNA are up-regulated in CCRF-CEM cells expressing Hsp70
Caspase-8 is the apical caspase in the extrinsic pathway and is activated upon formation of the DISC (Medema et al 1997) . Thus, we postulated that Hsp70 could be inducing sensitivity to TRAIL in CCRF-CEM cells either by stabilizing the DISC, or by altering expression of TRAIL receptors either at a transcriptional level or through posttranslational mechanisms. There are 4 membrane-bound receptors for TRAIL; TRAIL-R1 and TRAIL-R2 are deathinducing receptors, whereas TRAIL-R3 and TRAIL-R4 are unable to induce apoptosis and are thought to be decoy receptors (Ashkenazi 2002) .
FACS analysis could not detect expression of any of the 4 receptors on parental and vector control cells, which accounts for their resistance to TRAIL (Fig 3A) . In contrast, clones expressing Hsp70 had up-regulated both TRAIL-R1 and TRAIL-R2, but not TRAIL-R3 or TRAIL-R4 on the cell surface, thus providing an explanation for their sensitivity to TRAIL. To provide a quantitative comparison of the expression of TRAIL-R1 and TRAIL-R2, the expression of each receptor was compared with background binding of isotype control immunoglobulins from 3 separate experiments (Fig 3B) . Both TRAIL-R1 and TRAIL-R2 were significantly up-regulated on Hsp70-expressing clones 7 and 16 compared to vector control and clone 18 cells (P Ͻ 0.05).
Examination of TRAIL receptor messenger RNA (mRNA) expression demonstrated that TRAIL-R1 and TRAIL-R2 are transcriptionally up-regulated at least 5-fold in cells expressing Hsp70 compared to vector control cells (Fig 3C) . Expression of TRAIL-R3 and TRAIL-R4 mRNA was similar to that of TRAIL-R1 and TRAIL-R2 mRNA in vector control cells and was unchanged by expression of Hsp70. Expression of receptor mRNA was no different in clone 18 cells compared to vector control cells. In addition, expression of the internal control, vimentin, did not vary between the 4 cell lines (data not shown). Thus, Hsp70 is inducing TRAIL sensitivity in CCRF-CEM cells by up-regulation of TRAIL-receptor expression at the transcriptional level.
p53 protein is up-regulated in CCRF-CEM cells but not SW480 cells expressing Hsp70
Expression of TRAIL receptors is p53-inducible (Sheikh et al 1998; Meng et al 2000; Wu et al 2000; Guan et al 2001) . Whereas CCRF-CEM cells have mutated p53 (Cheng and Haas 1990) , this mutation retains some transactivation activity (Park et al 1994) . Significantly, this mutation is known to produce a p53 conformational change that can form a complex with Hsp70 . The levels of p53 in CCRF-CEM cells were examined by Western blotting as a potential explanation for the increase in TRAIL-R1 and TRAIL-R2 expression ( Fig  4A) . Two specific bands were detected with the p53 antibody, the higher band possibly representing phosphorylated forms of the protein. Expression of p53 and the phosphorylated protein was increased in cells expressing Hsp70. Expression of 2 known p53-inducible genes, Bax and MDM2, was also moderately up-regulated in cells expressing Hsp70, indicating transactivation activity of p53 in these cells (Fig 4A) . Measurement of p53 mRNA levels (Fig 4B) revealed no differences (P Ͼ 0.05) between cells expressing Hsp70 and vector control cells, indicating that Hsp70 is up-regulating p53 by a posttranslational event, possibly through protein stabilization.
Expression of p53, TRAIL-R1, and TRAIL-R2 was also examined in SW480 cells. Expression of p53 in SW480 cells was unaltered by Hsp70 (Fig 4C) . In contrast to CCRF-CEM cells, parental SW480 and vector control cells expressed high levels of both TRAIL-R1 and TRAIL-R2 on the cell surface and their expression was not altered by expression of Hsp70 (Fig 4D) . TRAIL-R3 and Cells were incubated at 37ЊC with 100 ng/mL TRAIL for 0, 6, 12, or 18 hours prior to harvest. Equal amounts of protein were separated on a 13% SDS-PAGE gel and transferred to nitrocellulose membranes. Membranes were probed with specific antibodies that detect both the proform and cleavage products of human caspase-8, caspase-9, caspase-7, or caspase-3, or Bid. (B) Clone 7 cells were preincubated for 1 hour with 50 M z-VAD-fmk in DMSO or an equivalent concentration of DMSO, and then incubated with 100 ng/mL TRAIL for 18 hours at 37ЊC. Apoptosis was evaluated by scoring nuclear morphology. The means and standard deviations of 3 independent experiments performed in duplicate are shown. Statistical analysis by Student's t-test; *P Ͻ 0.05 vs TRAIL alone.
TRAIL-R4 were not expressed in these cells (data not shown), possibly explaining why parental SW480 cells are sensitive to TRAIL, whereas CCRF-CEM cells are not. These results suggest that Hsp70 is unable to up-regulate TRAIL-R1 or TRAIL-R2 through regulation of p53 in these cells. SW480 cells contain mutated p53 (Nigro et al 1989; Rodrigues et al 1990) , which again has been shown to retain transactivational activity (Park et al 1994) . Significantly, the particular p53 mutations found in SW480 are known to produce a conformation nearly identical to that of wild-type p53, which is not bound by Hsp70 (Gannon et al 1990; Zambetti and Levine 1993) . Chromatin from fixed and sonicated cell lysates from untreated CCRF -CEM, vector control, and Hsp70-expressing cells was immunoprecipitated with a human p53-specific antibody. Immunoprecipitated DNA was analyzed by SYBR Green RTQPCR performed in triplicate using primers specific to the p53 binding region or to a nonspecific site 900 bp upstream of the consensus site. The experiment was repeated twice with similar results each time. Statistical analysis by Student's t-test; *P Ͻ 0.05 compared to vector control; **P Ͻ 0.05 clone 7 vs clone 16.
Increased levels of p53 in the presence of Hsp70 promotes binding to the TRAIL-R2 gene
The gene encoding TRAIL-R2 contains a p53 binding site that resides in the first intron (Takimoto and El-Deiry 2000; Yoshida et al 2001) . p53 is able to bind to this site and drive expression of reporter constructs (Takimoto et al 2000) . By ChIP assay, we demonstrated a 4-to 6-fold increase in the level of p53 binding to the TRAIL-R2 gene in Hsp70-expressing cells compared to that of vector control and parental cells (Fig 5) . Binding of p53 was significantly higher in clone 7 compared to clone 16 (P Ͻ 0.05), possibly reflecting the higher expression of Hsp70 in clone 7 (Clemons et al 2005) . There was a small increase in the level of the nonspecific site amplicon detected in clone 7 cells, but not clone 16 cells. This was possibly due to the immunoprecipitation of DNA fragments that were large enough to include the nonspecific site, which is located approximately 900 bp upstream of the p53 binding sequence. The level of the p53-specific amplicon detected in clone 7 cells was still over 2-fold greater than the level of the nonspecific amplicon. Thus, the ChIP assay demonstrated that there is an increase in the binding of p53 to the TRAIL-R2 gene in Hsp70-expressing CCRF-CEM cells.
DISCUSSION
The ability of Hsp70 to inhibit stress-induced apoptosis is widely accepted; however, there are few reports exploring the consequences of Hsp70 expression on apoptosis induced through the extrinsic pathway. In addition, the mechanism by which Hps72 exerts its inhibitory function is controversial, with reports that it can act both upstream and downstream of the mitochondria to inhibit apoptosis (Jaattela et al 1998; Beere et al 2000; Mosser et al 2000; Saleh et al 2000; Gotoh et al 2004; Steel et al 2004; Guo et al 2005; Stankiewicz et al 2005) . We reported recently that, like Bcl-2, Hsp70 could inhibit Fas-mediated apoptosis upstream of the mitochondria in type II cells (Clemons et al 2005) . Here we investigated the role of Hsp70 in TRAIL-induced apoptosis in both type I and type II cells. In the type I cell line, SW480, neither Hsp70 nor Bcl-2 influenced TRAIL-induced apoptosis, indicating that these cells are also type I in response to TRAIL and confirming that Hsp70 cannot modulate the extrinsic pathway. This is in agreement with another study using SW480 cells, which showed that in a thermotolerant state where Hsp70 is induced, TRAIL-induced apoptosis was not inhibited (Ozoren et al 2002) .
The type II cell line used here, CCRF-CEM, is intrinsically resistant to TRAIL, but unexpectedly, these cells were sensitized by stable expression of Hsp70. Further investigation revealed that TRAIL-R1 and TRAIL-R2 were up-regulated on the cell surface and at the transcriptional level in cells expressing Hsp70. These effects correlated with increased expression of p53 protein in the absence of changes in mRNA expression and binding of p53 to a consensus sequence in the TRAIL-R2 promoter. Interestingly, expression of Fas, another p53 target gene, was unchanged on the cell surface in cells expressing Hsp70 (Clemons et al 2005) .
Expression of Hsp70 in CCRF-CEM up-regulated p53 protein but did not alter mRNA levels, indicating that Hsp70 is acting at a posttranslational level to increase p53. This could be achieved by altered phosphorylation, acetylation, or localization of the protein, all of which can modulate the interaction between p53 and MDM2 and thus p53 stability and activity (Xu 2003) . Alternatively, Hsp70 may be binding directly to p53 to stabilize the protein and inhibit protein turnover. CCRF -CEM contain compound heterozygous p53 mutations at codons 175 and 248 (Cheng et al 1990) but generate a protein that retains some transactivation activity (Park et al 1994) . Both these mutations are in the DNA-binding domain and are known as hot-spot mutants, because they are among the most common p53 mutations in human cancer (Hollstein et al 1994) . The codon 248 mutant is known as a contact site mutant because this site directly contacts DNA in wild-type protein. Mutant p53 at codon 175 forms a conformation that complexes with Hsp70, whereas p53 with mutation at codon 248 does not Zambetti et al 1993) . Thus, it is likely that Hsp70 is interacting with and stabilizing the codon 175 mutant p53 only. Presumably, this mutant p53 retains transactivation activity because the expression of MDM2 and Bax are also up-regulated in these cells.
In contrast, expression of Hsp70 did not affect p53 levels in SW480 cells, nor did it alter TRAIL receptor expression on the cell surface. The p53 of SW480 cells has double homozygous mutations at codons 273 (also a contact site mutation) and 309 (Nigro et al 1989; Rodrigues et al 1990) . Mutation of codon 273 is frequently found in colorectal carcinoma (Hollstein et al 1991; Levine 1992) and displays many characteristics of wild-type p53, reflecting the fact that this mutation does not alter the wildtype p53 conformation (Bartek et al 1990; Gannon et al 1990) . Importantly, neither codon 273 mutants nor wildtype p53 have been demonstrated to bind Hsp70 Zambetti et al 1993; Zylicz et al 2001) , therefore providing a likely explanation for the inability of Hsp70 to alter p53 levels and hence TRAIL-receptor expression in SW480 cells.
Increased levels of p53 protein in the presence of Hsp70 in CCRF-CEM cells promotes p53 transactivation activity as demonstrated by increased expression of the p53-target genes Bax, MDM2, TRAIL-R1, and TRAIL-R2. The TRAIL-R2 gene contains an intronic p53 binding site through which p53 can induce transcription (Takimoto et al 2000; Yoshida et al 2001) . By ChIP, we showed that expression of Hsp70 resulted in increased binding of p53 to the TRAIL-R2 gene. We propose that this promotes TRAIL-R2 gene transcription and sensitizes CCRF-CEM cells to TRAIL following increased expression of the protein on the cell surface. Although a p53 binding site has not been described for the TRAIL-R1 gene, there is evidence that it is a DNA damage-inducible, p53 regulated gene (Guan et al 2001) . Thus, it is likely that expression of Hsp70 is also up-regulating TRAIL-R1 through p53. Whereas expression of TRAIL-R1 and TRAIL-R2 mRNA was similar in the 2 Hsp70-expressing clones, expression of TRAIL-R1 on the cell surface was higher. This is possibly due to differences in posttranscriptional regulation as reported recently by Zhang et al (2004) , or simply to differences in antibody affinity. TRAIL-R3 and TRAIL-R4 have also been shown to be p53-inducible (Sheikh et al 1999; Meng et al 2000) , and like the TRAIL-R2 gene, the TRAIL-R3 gene contains an intronic p53 binding site (Ruiz de Almodovar et al 2004) . However, we did not see an increase in the expression of either TRAIL-R3 or TRAIL-R4 following expression of Hsp70, indicating that other regulatory mechanisms are involved in the transcription of these genes.
Higher expression of Hsp70 in clone 7 compared to clone 16 cells (Clemons et al 2005) correlated with higher levels of TRAIL-induced apoptosis (Fig 1B,C) and increased binding of p53 to the TRAIL-R2 gene (Fig 5) . In contrast, expression of p53, TRAIL-R1, and TRAIL-R2 were not significantly different between the 2 clones (Figs 3 and 4A), indicating that there are other mechanisms involved in producing the higher levels of TRAIL-induced apoptosis in clone 7 cells. It is tempting to speculate that Hsp70 may have further roles in modulating TRAIL-induced apoptosis, such as increasing stability of the receptors at the surface during ligand binding, leading to enhanced apoptotic signaling prior to receptor turnover, or through assisting receptor trafficking to the cell membrane. Either of these possibilities could explain the increased level of TRAIL-induced apoptosis in clone 7 compared to clone 16 cells in the absence of differences in the basal expression of the receptors on the cell surface. The absence of an increase in TRAIL-R2 transcription despite increased binding of p53 to the gene in clone 7 cells compared to clone 16 cells could be related to other transcription factors playing a limiting role.
An increase in cellular p53 is insufficient to increase its transcriptional activity; this requires conformational changes that result from further covalent modifications at the C-terminal end of the protein (Giaccia and Kastan 1998; Meek 1999) . Interestingly, such conformational changes can also be achieved by the interaction of some antibodies and peptides with the C terminus (Selivanova et al 1998) . In addition, numerous proteins bind to p53 and can modify its stability as well as its ability to activate transcription (Prives and Hall 1999) . In CCRF-CEM cells, induction of p53 by ionizing radiation is insufficient for transactivation of the TRAIL-R2 gene (our unpublished observations). Instead, transactivation appears to require the assistance of Hsp70.
In contrast to our data, expression of Hsp70 in HL60 cells resulted in protection from TRAIL-induced apoptosis, suggesting that this cell line is also type II (Guo et al 2005) . HL60 cells lack p53, and thus, presumably in this context Hsp70 is unable to up-regulate TRAIL-R1 or -R2 expression and instead is free to act in the intrinsic pathway to inhibit apoptosis induced by TRAIL. Also, thermotolerance, which among other events, involves an upregulation of Hsp70, was found to inhibit TRAIL-induced apoptosis in the type II cell line, HCT116 (Ozoren et al 2002) . In addition, constitutive overexpression of Hsp70 in HCT116 cells does not alter either TRAIL receptor or p53 expression (our unpublished observations). HCT116 cells contain wild-type p53; thus Hsp70 would be unlikely to regulate the transactivation activity of p53 and hence TRAIL-receptor expression in these cells.
Our findings have implications for the use of TRAIL as a cancer therapy. Hsp70 is expressed at high levels in a number of high-grade tumors, particularly those of the breast, compared to low-grade tumors and normal surrounding tissue (Ciocca et al 1993; Chant et al 1995; Lazaris et al 1995 Lazaris et al , 1997 Ralhan and Kaur 1995; Athanassiadou et al 1998) . In addition, p53 is commonly mutated in cancer (Hussain and Harris 1998) , which may result in the formation of nonnative conformations that are recognized and complexed by Hsp70, thereby stabilizing the protein and promoting its transactivation activity if the mutant p53 retains this function. Thus, tumors with a combination of high Hsp70 expression and mutated, Hsp70 binding p53 may be good candidates for therapy with TRAIL.
